In a two-country Schumpeterian growth model, we study the incentives for basic research investments by governments in a globalized world. We find that a country's basic research investments increase with the country's level of human capital and decline with its own market size. This may explain why some smaller countries invest so much in basic research. Compared with the optimal investments achievable when countries coordinate their basic research policies, a single country may over-invest in basic research. However, the total amount of decentralized basic research investments is always below the socially optimal investment level, which justifies policy coordination in this area.
Introduction
Basic research investments aim at acquiring new knowledge without any particular (commercial) application in view and are arguably a core driver of economic growth in industrialized countries. Traditionally, basic research investments are a matter of national policy-making. In some areas, however, international cooperation and coordination are playing an increasingly important role. This is most pronounced in the European Union, where large research programs are funded by member states and designed and operated at Union level in Brussels. Moreover, the basic research undertaken at several major institutes such as CERN in Geneva or by other high-technology ventures such as ARIANE are the result of joint efforts and agreements between several countries. Whether international coordination on basic research investment is considered necessary depends both on the way we conceptualize basic research and on the way how investments in one country affect growth and welfare in other countries. There are arguments for and against the coordination of basic research across countries.
When basic research is viewed as a global public good whose output is freely available and whose consumption is non-rivalrous and non-excludable (Arrow, 1962 , Nelson, 1959 , the standard "free-rider argument" suggests that uncoordinated investment decisions will entail considerable under-investment.
Basic research may also be viewed as a regional good with international spillovers.
The ideas created by basic research are non-rival goods in the country where these ideas have been generated. As a consequence, basic research may induce and increase prospects of success for regional firms' innovation efforts.
1 Moreover, firms with successful innovations may be able to increase the rents generated by these innovations through exports or foreign direct investments. The possibility of capturing rents in foreign markets by taking away business from established firms suggests that basic research investments have negative externalities on other countries, which would cause over-investment.
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When the benefits of basic research are embodied in new products and services, and
1 The positive side-effects occur through various channels whose outputs are: supply of trained scientists and problem-solvers, new scientific instrumentation, network for knowledge diffusion, enhancement of problem-solving capacities, start-ups and spin-offs from universities, prototypes of new products and processes (e.g., Salter and Martin, 2001 , Brooks, 1994 , Movery and Sampat, 2005 , and Gersbach et al., 2009 ).
2 The negative and positive externalities described in this paragraph are well documented in the literature (Baily and Gersbach, 1995 , Keller and Yeaple, 2003 , Alfaro et al., 2006 if a country is open to foreign direct investments, this country could benefit from the basic research of other countries. Foreign direct investments by leading-edge firms directly contribute to higher levels of productivity by transferring the best production techniques and products to the host country, thereby raising wages and consumer surplus. These positive externalities suggest that countries tend to under-invest in basic research. This paper develops a framework to study the direction of externalities of basic research investments and examine whether there is an under-or overprovision of such investments when each country acts on its own. Two countries select their basic research investments in each period. Such investments foster the innovation prospects of domestic intermediate firms.
3 Firms that develop leading-edge technologies in one country obtain patents and can enter foreign markets through foreign direct investments to earn monopoly profits. When another country invests more in basic research, a country will experience positive and negative externalities of the kind described above. Moreover, if both countries invest in basic research, this increases the risk that innovation efforts may be duplicated in the world. Decentralized basic research investments are studied in a setting with governments maximizing the consumption of the current generation, and the long-term consequences of such decisions are explored. The basic research levels attained when countries coordinate their decisions are determined. Finally, the path of uncoordinated and coordinated basic research investments when governments maximize the welfare of all generations will be studied.
Our main insights are as follows: First, it is shown that the countries' basic research investments act as strategic substitutes. Further, a country's basic research investments will increase with its level of human capital, but decline with its relative population size. The reason for the latter is that a small country can earn large profits from gaining a monopoly position in a larger foreign country without sustaining the corresponding deadweight losses accruing abroad. This result may explain why some small open economies such as Korea or Switzerland invest a lot in basic research.
Second, comparing the decentralized basic research investments with the optimal ones when countries coordinate to maximize aggregate consumption, our finding is that both countries under-invest in the decentralized equilibrium if they are similar with respect to human capital levels and population sizes. Under asymmetry concerning either of these characteristics, one of the countries may over-invest in the decentralized equilibrium relative to the coordination optimum. From the cooperative perspective, however, the aggregate decentralized basic research investments are too low, even if one of the countries over-invests in basic research.
Third, our robustness discussion reveals that our results do not change qualitatively when a one-period or an infinite planning horizon of governments is considered. Of course, investments in basic research increase quantitatively when longer time horizons are considered. The appendix also discusses the implications of different welfare objectives under coordination and different assumptions on the costs of basic research.
The paper is structured as follows: The next section discusses the significance of basic research and relate our paper to the relevant literature in Section 3. Section 4 introduces the model set-up, and Section 5 discusses the households' and the governments' optimization problems. The decentralized equilibrium is derived in Section 6, while the dynamics of the model are described in Section 7. Section 8 compares the decentralized basic research investments with the ones optimal when countries coordinate to maximize aggregate consumption. Finally, conclusions are drawn in Section 9. The proofs and the robustness of our results with respect to infinite planning horizons are relegated to the appendix. 
Significance of basic research
It is useful to put the significance of basic research in perspective. The empirical pattern of basic research is shown in rather provides the ideas, methods, prototypes, and materials needed to tackle these problems. In the US, basic research is mainly conducted by the federal government and by universities and colleges, and about 80% of it is publicly funded Galli, 2009 and NSB, 2012) .
Two observations from Table 1 are worth emphasizing. First, basic research is mainly 
Relation to the literature
The theme and the model of our paper are influenced by two lines of research. First, there is a large body of literature on the importance of basic research in the innovation process and on the strength of international spillovers. Some major articles have already been been referred to. Second, our paper is related to the theoretical literature that incorporates basic research into R&D-driven growth models (e.g. Arnold, 1997 , Cozzi and Galli, 2011a , 2011b , Gersbach et al., 2009 ). Most of these contributions focus on the optimal level of basic research in closed economies. There are two papers that also investigate open economies. In a two-country model, Park (1998) analyzes how cross-country knowledge spillovers affect the optimal level of public basic research, while the degree of openness determines how large the spillovers are. However, regardless of the degree of openness, the knowledge spillovers come free of charge. In our model, knowledge spillovers occur via foreign direct investments by technologicallyadvanced firms, so the cost is the drain of monopoly profits going abroad. Moreover, the strength of spillovers can be influenced by basic research investments. Accordingly, the governments face the trade-off of capturing rents in the foreign country and keeping profits in the country versus realizing technology spillovers from abroad but forgoing profits in the respective sectors. Neither this trade-off, nor the way two countries will play the ensuing basic research investment game have been addressed in the previous literature.
4 The model
We build on the Schumpeterian growth model with a basic research sector. Two countries, denoted by H and F , decide about their investment in basic research. The countries are called H and F . When referring to an unspecified country, the indices j and k, with j, k ∈ {H, F } are used. If both indices are used, it is always assumed that j = k. In each country and each period t (t = 1, 2, ...) there is a continuum of identical households of measure L j , j ∈ {H, F } that enjoy strictly increasing utility in consumption u(c), inelastically supply one unit of labor, and receive an equal share of the profits made by the final-good firm and from intermediate goods production. More precisely, the standard assumptions u ′ (c) > 0, u ′′ (c) < 0 are made. For each country and each period, a government maximizes the well-being of its citizens by publicly providing basic research, financed by an income tax. Accordingly, a non-overlapping generations model is considered, in which each generation elects a government to provide public goods (here basic research) to maximize its welfare. This is equivalent to maximizing the consumption of the current generation. First, the production side of the economy is described, and the equilibrium for a given level of basic research for each country is derived. Then the basic research game played by the countries will be studied.
Production
This section describes the production side of the economy for a particular country j in a typical period t.
Final-good sector
In the final-good sector, a continuum of competitive firms produces the homogeneous consumption good Y according to
There is a continuum of varieties [0, 1], x j (i) stands for the amount of intermediate input of variety i, and A(i) is this variety's productivity factor. The parameter α ∈ (0, 1) determines the output elasticity of the intermediate goods. The price of the final consumption good is normalized to one. In the following, one representative final-good firm in each country j maximizes its profit, denoted by π
where p j (i) is the price of good i, w j is the wage level, and L d j labor demand. Maximizing π y with respect to x j (i) and taking p j (i) as given yields the demand functions for the intermediate goods
and the inverse demand function of labor
Market clearing in the labor market implies L d j = L j , and L j will be used in the following. 
Intermediate-goods sectors

Technological state, innovation, and foreign entry
It is assumed that the world technological frontier is determined by two industrial countries, e.g. the U.S. and Europe/Japan. The productivity levels of a variety i produced in the countries H and F in period t are denoted by A H t (i) and A F t (i), respectively. At the end of period t − 1, a sector i in country H has achieved the technological level A H t−1 (i). For each type of intermediate, an innovation may take place at the beginning of each period. The probability that an innovation in a variety in country j takes place is denoted by ρ jt . If an innovation takes place in sector i in period t, productivity increases according to A t (i) = γA t−1 (i) with γ > 1.
Major assumptions
We make three major assumptions. Our first assumption is that the basic research investment of a government increases the innovation probability of domestic firms.
Second, other countries are also affected by technological diffusion (or in the extended model in Section 13.1 by access to the newly-created knowledge). Third, successful innovation by domestic firms can be protected by patents (or by complexity and difficulty of imitation). The assumptions are justified in three steps.
First, there is rich empirical evidence that basic research, as documented in Table 1, has strong local/regional effects and fosters innovation and growth of firms located in the same region or country. These positive effects include the supply of scientists and problem-solvers, joint research projects by universities, private companies, and spinoffs, and the establishment of scientific networks.
6 For domestic firms, basic research is often the first step in the innovation process (see Grossman and Shapiro, 1987 , Aghion and Howitt, 1996 , Cozzi and Galli, 2009 and Aghion et al., 2008 . These local/regional effects are the reason why, as reported in Nelson (1959) , Arrow (1962) and Cohen et al. (2002) , by access of firms to increases in the knowledge base in the other country.
The basic version of the model abstracts from the direct effects of basic research on the innovation success of firms located in other countries and model the global effects of basic research through the entry of successfully innovative firms in other countries.
The reason for this is twofold. The empirical evidence for direct effects in the literature referred to above is weak. Furthermore, incorporating these effects would reinforce our result. In particular, under-provision of total basic research investments would become more pronounced, and the need for coordination among countries on basic research would be reinforced.
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Third, an intermediate firm with a new innovation will be able to protect its innovation through patents (or by other means that make imitations costly). Accordingly, such a firm will achieve a monopoly on this intermediate product. We stress that though basic research itself is not patentable, it can be turned into a patent through commercialization by domestic firms.
Formalization
We assume diminishing returns on basic research investments of the kind listed in Table   1 in enhancing the innovation prospects of domestic firms. Formally, a particular level of innovation probability of ρ jt in country j for each variety requires basic research investments in period t of
Equivalently, the innovation probability can be written as
where θ j is a parameter that captures the efficiency of basic research investments in country j. In our standard set-up, θ j is interpreted as the average (per-capita) level of human capital in country j. This specification implies that the costs of basic research decline with a country's per-capita level of human capital. Second, the higher the knowledge stock is, the more difficult it becomes to innovate because the costs of basic research will increase with the average technology levelĀ t−1 .
In this sense, the model features negative intertemporal externalities of knowledge production. A discussion on the foundation for the specification of the basic research costs is provided in Section 11 in the appendix.
Market structure
It has been assumed until now that a new innovation obtains a patent that expires after one period. As a period it is plausible to think of roughly 20 calender years representing the period of one generation.
9 Further, foreign intermediate firms are assumed to enter a domestic market if they have higher productivity than domestic producers. 10 It
Consequently, in each period there are four possible constellations for the market structure in the market for variety i:
(I) domestic monopoly in H, domestic monopoly in F ; (II) domestic monopoly in H, foreign monopoly in F ; (III) foreign monopoly in H, domestic monopoly in F ; and 8 Section 13.4 discusses the case where the costs of basic research decline with the absolute level of human capital. 9 We chose a period length of 20 years as Article 33 of the Agreement on Trade-Related Aspects of Intellectual Property Rights (TRIPs), which all developed countries and most developing countries signed, provides that 'the term of protection available for patents shall not end before the expiration of a period of twenty years counted from the filing date'. As a consequence, in most countries' patent laws, the term of patent is 20 years from the filing date of the application. Detailed information on patent laws in different countries is provided by the World Intellectual Property Organisation (WIPO) under www.wipo.int.
10 It is excluded that foreign firms contest domestic markets if they have the same level of productivity. This can be justified by small entry costs preventing the foreign firm from entering the market. Alternatively we could assume that there is always one firm that is slightly faster in filing a patent for the entire world market. Suppose that the probability for the domestic firm to be faster is p d . This would add a term ρ jt ρ kt (p dπkt − (1 − p d )π jt ) to government j's objective function. If this term is positive it would additionally increase the incentives for basic research investments in country j and decrease the basic research investment incentives in the other country. It seems plausible to assume that firms in both countries have the same probability of obtaining the patent, i.e. p d = 0.5. Then a small country's basic research incentives will be even higher whereas those of the large country will become smaller than in our basic model set-up.
(IV) perfect competition in H, perfect competition in F . Domestic monopoly means that an innovator in country j possesses a patent on the highest-quality intermediate good i in country j, whereas a foreign monopoly would exist if the patent were held by an innovator headquartered in country k. As patents expire after one period, a sector is characterized by perfect competition in period t when neither in country j nor in country k an innovation in this sector occurred in this period.
The households' and the governments' problems
Our basic model intentionally keeps the households' problem very simple. In fact, each household is assumed to offer one unit of labor inelastically to the labor market. They receive income from working and profits as owners of firms in intermediate sectors and from final-good producers headquartered in their country.
This allows us to move immediately to the government's problem. To establish the latter, total consumption in a country j in a period t will be derived next.
Let us first reconsider expected final-good production, which writes
where the abbreviation q t ≡ (1 − ρ jt )(1 − ρ kt ) is used. The first integral represents the part of final-good production resulting from the sectors where an innovation has taken place. In these sectors either a foreign innovator has entered the intermediate-good market or a domestic innovator has offered a technologically advanced product. The probability of an innovation in sector i in period t is [1 − q t ]. With complementary probability q t no innovator is successful in sector i, and the technological level remains.
As discussed earlier, in sectors where no innovation occurs there is no patent protection and hence perfect competition prevails. The part of final output attributed to these sectors is reflected by the second integral. Since the innovation probabilities are not sector-specific, inserting (3) and making some minor mathematical manipulations
Using the index of the average technological level in the worldĀ t−1 = 1 0
Increasing the number of innovations in the aggregate means reducing q t . Consequently, On the other, it induces monopoly distortions in the intermediate-good market that lead to a mark-up on the price of intermediates of 1/α and consequently have a negative effect on final output. If γ > 1/α, the effect of higher productivity dominates, and innovations in period t have a positive effect on final output in t. However, if γ < 1/α, output in t declines as a consequence of an innovation because the monopoly distortions dominate. In the following, it is assumed that γ > 1/α, i.e. that innovations in t positively affect output in the same period.
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Let us now turn to the expected costs of producing the intermediates used in final-good production. Making use of (3), the aggregate production costs of intermediate goods are referred to by X jt and can be written as
where
Inserting the latter yields
which can be rewritten as
11 In the case of γ < 1 α , the incentives to perform basic research are reduced. Within our framework, basic research investments would then be driven mainly by the rents the countries earn in foreign countries. The extent to which incentives for basic research investments are reduced by the negative output effect also depends on the planning horizons of the governments, as the effect of innovations on output will turn positive once the patent has expired. To sum up, if γ < 1 α , equilibrium basic research levels would be lower, but not necessarily zero. If γ > 1 α in some industries and γ < 1 α in others, equilibrium basic research levels will be between the case analyzed in our paper and the polar case described here. 
The profits in an innovative sector areπ jt = nL jĀt−1 γ α 1−α . Note that up to this point nothing has been said about the distribution of the profits to domestic or foreign innovators. This however will play a key role for the total level of consumption in a country. Given ρ kt , expected aggregate consumption in country j amounts in period t
The first two terms reflect net output of the final good. The third term represents the profits innovators of country j earn in country k, while the fourth term captures the profits that innovators of country k earn in country j. Finally, the government has to finance basic research. We assume that basic research is financed by an income tax. For simplicity, the tax was not written explicitly into the formula for total consumption.
Using the expressions above, expected aggregate consumption in country j in period t can be written as
represents expected net final-good productioni.e., expected total production net of the costs for the intermediate products.
The government's objective function displays the sources of the effects of basic research described in the introduction.
12 First, expected net final-good production depends on the probability that an innovation will occur in either of the two countries. Basic research investments increase this probability and consequently have a positive external effect on the expected net final-good production of the foreign country via technological spillovers associated with foreign direct investments. This will lead to under-investment in decentralized basic research investments. Second, basic research investments determine the distribution of profits as reflected in the second and third summand. Basic research enables more domestic firms to obtain profits from the foreign country in sectors where foreign firms have not been successful in creating innovation. Moreover, basic research investments enable more domestic firms to compete in sectors where foreign firms have successfully innovated and hence to keep profits in these sectors in the home country. This tends to prompt countries to over-invest in basic research.
Decentralized basic research investment
In this section, the static game of two governments maximizing current domestic consumption by choosing the level of basic research investments and taking the investments of the other country as given will be considered. This can be interpreted as maximizing C jt via control ρ jt given ρ kt rather than via R jt . Considering the change in aggregate consumption in country j, C jt , in response to a marginal increase in the innovation probability in country j, ρ jt , yields
It is now possible to simplify this expression in the following way: First, let us recall
, where y(q) and x(q) are linear functions of q. Consequently, the derivative of the expected net output with respect to the probability that no innovation will occur is a constant, which can be denoted by y ′ n .
13
in the smaller country are active. If basic research is a pure public good increasing the innovation probability for all intermediate goods, the investment incentives in basic research will be ceteris paribus higher in the larger country. However, it appears to be reasonable that basic research can be targeted to sectors, at least to a certain degree. Targeted basic research can be easily incorporated in our model by assuming that only a subset of sectors benefits from basic research, but the benefits are higher.
13 The derivatives of x(q) and y(q) are
and thus y
Note that y ′ n is negative as an increase in the probability that no innovation will occur in either country decreases country j's net output in expectation. On the other hand, a marginal increase in the probability of an innovation taking place will increase net output in expectation by −y ′ n , which is referred to in the following as y p n . It will also be convenient to use the abbreviations L ≡ L k L j to denote relative population size andγ ≡ γ α 1−α . As the governments' problems considered in this section are static, time indices are neglected. With these simplifications, the first-order condition can be written as
Accordingly, the reaction function of country j is
In the reaction function, the first term in brackets reflects the effect of a marginal increase in basic research in country k on country j's output, while the second term represents the change in expected net profit flows from technology exchange. The derivative of ρ r j (ρ k ) with respect to ρ k writes as
An intuitive interpretation of (21) is that a marginal increase in j's basic research investment is less valuable in increasing total output in country j, the higher basic research investment in country k is due to increased research duplication. In other words, the higher the basic research investments of the foreign country, the smaller the number of sectors where no innovation occurs and where domestic basic research investment could contribute to increasing expected net output. Further, the effect of a marginal increase in basic research on profit flows obtained from the foreign country declines with the foreign country's basic research efforts (reflected by −θ jγ nL).
However, the profits prevented from flowing into the foreign country increase with the foreign country's basic research investment (reflected by θ jγ n). This implies that only very large countries (which implies a low value of L), where the motive of keeping profits in the country dominates, will potentially increase basic research investments in response to an increase in basic research investments by the other country. It will now be shown that this will not occur in our framework as basic research investments are strategic substitutes for both countries. 14 It can also be observed in (21) that the level of human capital of a country θ affects both the reaction functions' ordinate intercepts and their slopes. The same is true of relative population size L. However, the abscissa intercepts of the reaction functions are independent of θ. Before examining the slopes of the reaction functions, let us state
The proof can be found in the Appendix.
The lemma implies that cases where y p n <γn can be neglected because of the assumption that γ > 1 α . This allows us to determine the signs of the slopes in the countries' reaction functions:
Proposition 1
Basic research expenditures in the two countries are strategic substitutes -i.e., ρ
In the remainder of the paper, the parameter set of our analysis is restricted as follows:
Assumption 1 requires that a country chooses basic research spending to obtain ρ < 1 (instead of the corner solution ρ = 1) when there are no basic research investments by the other country. In other words, Assumption 1 says that the basic research investments of a country cannot with certainty lead to innovation in each intermediate sector, which seems very realistic.
Equilibrium
The equilibrium analysis shows that there is a unique equilibrium (ρ e H , ρ e F ) ∈ (0, 1) 2 .
14 As Lemma 1 stresses, this depends on our assumption that innovations are output-increasing rather than output-decreasing. In the latter case, the governments' motives for investing in basic research are mainly based on capturing profits from the other country. Then there might occur a situation where the basic research investments of the large country are strategic complements to those of the small country.
Proposition 2 (existence of unique equilibrium) Given Assumption 1, there exists a unique equilibrium (ρ e H , ρ e F ) ∈ (0, 1) 2 that is characterized by
The proof is given in the Appendix.
The role of human capital
This section examines how basic research investments are affected by a change in a country's research capacity θ, which is also interpreted as a country's human capital level. The following proposition gives the results:
Proposition 3 (comparative statics with respect to θ) (i) If L = 1, then the country with the higher research capacity will invest more in basic research -i.e., ρ (ii) In equilibrium, basic research investments of country j will increase with θ j and decrease with θ k , i.e.
Intuitively, if the research capacity of one country, say θ j , increases, its basic research investments will become more productive. Hence, country j will increase its basic research efforts. The reaction function of country k is not directly affected by a change in θ j but indirectly via the induced change in ρ j . As according to Proposition 1 basic research investments are strategic substitutes, k will decrease ρ k in response to the increase in ρ j . This result is illustrated with the following example, where both countries are of equal size L = 1, α = 0.5, γ = 2.1, and θ k = 0.03. 15 In this setting, θ j is varied from 0.005 to 0.07. The result is shown in Figure 1 .
15 Note that the assumption γ > 1/α defines a critical value of γ that depends negatively on α. The values α = 0.5 and γ = 2.1 were chosen. The latter value is larger by 0.1 than the critical value. For general innovations, this value of γ may seem relatively high, but it is justified for basic research, which if successful typically implies large technological improvements. The level of human capital θ k = 0.03 has been specified to obtain realistic growth rates. 
The role of relative population size
Now how countries of different sizes interact with respect to basic research investments will be studied.
Proposition 4 (comparative statics with respect to relative population sizes) (i) Let θ j = θ k . Then the smaller country will invest more in basic research than the larger one -i.e., ρ The proof can be found in the Appendix.
Recall that the relative populations of the countries are defined by L ≡
Inspection of the first-order condition of the government, (19), reveals that a relatively larger foreign country k will increase the ratio of profits received from abroad and the profits paid to the foreign country. By contrast, the relation of market sizes does not play a direct role for a country's final output and research costs. Consequently, a relatively larger market abroad makes innovation and thus basic research investment more attractive. There is no comprehensive study on the relationship between the level of basic research and the size of population, after controlling for human capital and other country characteristics. Nevertheless, two observations from Figure 2 uses the parameter values of the previous example, but here, instead of varying θ j , it is assumed that θ j = θ k = 0.03 and vary the relative market size L. 
Dynamics
Let us now turn to the dynamics of the model. Note that the optimal decisions by each government is independent of the level of technology A t−1 (i). Hence, the governments will not change their basic research investments over time. It can be inferred from Equation (15) that this implies that consumption grows at the rate of the average technological level. Further, the economy does not exhibit transitional dynamics. To determine the economies' growth rate, the world's average technological level can be written asĀ
Consequently we obtain
Proposition 5
The growth rate of the two economies is given by
It will now be interesting to establish how the growth rate reacts to changes in θ j and L. The expressionγ − 1, which is positive since γ > 1, reflects the innovation steps of a successful invention and is independent of θ j and L. As a consequence, the focus is on the term 1 − q, which can be rewritten as ρ j + ρ k − ρ j ρ k . This expression reveals nicely that the growth rate increases with the sum of basic research investment ρ j + ρ k but declines with the amount of research duplication ρ j ρ k . In general, let us state
Proposition 6
A higher level of human capital in one country will lead to higher growth if and only if
An increase in L will involve higher growth if and only if
A proof of Proposition 6 follows directly from taking the derivative of the growth rate g with respect to θ j and L respectively. Conditions (27) and (28) simply state that the effect of a change in θ j and L on aggregate basic research investments is larger than the effect on duplication. With respect to a change in θ j , the following corollary is obtained:
Corollary 1
Given Assumption 1, total basic research expenditures will increase if θ j becomes larger,
The intuition is that if θ j increases, ρ j will become larger, while ρ k decreases. The latter effect results from the fact that the countries' basic research investments are strategic substitutes (cf. Proposition 1). The decline in ρ e k induced by an increase in θ j is a second-order effect that cannot neutralize the increase in ρ e j with respect to aggregate innovation probability.
Further, it follows directly from Proposition 6 that the total effect of an increase in θ j on the growth rate is positive if ρ j > ρ k . Intuitively, in this case an increase in θ j will not only increase aggregate basic research investments but also lead to a more unequal distribution of investments across countries, thereby reducing the duplication effect (which is largest for ρ j = ρ k ). As a consequence, an increase of θ j will positively affect the growth rate. This is different if ρ j < ρ k . Then there exists a trade-off between the effect on aggregate basic research and duplication. Though analytically not excludable, in none of our numerical simulations could we find a case where the duplication effect dominates and leads to negative effects of an increase in θ j on growth. The left panel of Figure 3 shows the typical situation where the growth rate increases with θ j . According to our simulations, the growth rate exhibits a U-shaped form when the relative population size is varied. Numerically, we also find that the aggregate basic research expenditures are U-shaped in L. Intuitively, this means that the effect of a relative increase in the population size on aggregate basic research investments tends to be larger, the more unequal the population shares are. This originates from the incentives associated with the distribution of profits as described earlier. With very unequal country sizes, the small country has a high incentive to invest in basic research to capture profits in the foreign market. This, however, also increases the large countries' basic research incentives, since it is now more valuable to invest in basic research to keep the profits in the country. Additionally, with more unequal relative basic research investments, the negative duplication effect is lower, thus reinforcing the U-shape of the growth rate in L. The right hand panel of Figure 3 illustrates the typical situation.
Coordinated basic research investments
Now let us ask which levels of basic research the countries should choose, if they coordinate to maximize current aggregate consumption C t = C jt + C kt . Using (15), the objective can be written as
where the variables without country indices denote world values, i.e., Y t = Y jt + Y kt etc.
Equation (29) reveals that when consumption is aggregated, the profit flows between the two countries drop out, and aggregate consumption equals net production minus total basic research expenditures.
The necessary optimality conditions for coordinated basic research investments are
recalling that y
Comparing condition (30) with the reaction function of the government's problem in the non-cooperative setting (19) reveals that the cooperative solution additionally considers the basic research investments' effects on the other country's output and thus attaches weight (L j +L k ) to the increase in final-good production resulting from higher quality intermediates. The denominator L j in (30) represents the fact that in absolute terms basic research is less costly in the smaller country.
It is instructive to rewrite the reaction function of a country in the decentralized basic research investment game as follows:
While the first term reflects the country's socially optimal level of basic research expenditures, the second and third term illustrate the sources for the country's sub-optimal basic research investment. The second summand represents the consumer surplus in the foreign country that is not taken into account by the domestic country in the decentralized game, as the latter cares only about the profits that flow in from the foreign country. For this reason, countries under-invest in basic research. The third term reflects the country's incentive to prevent profits from flowing out by making domestic firms more competitive and, in effect, fostering socially wasteful duplication of innovations. This force leads to over-investment in basic research. Whether a country over-or under-invests in basic research relative to the social optimum depends on the relative market sizes, that is, the relative population sizes of the countries. A relatively small country, i.e. a country facing a large L, will likely invest a lot in basic research (recall that ceteris paribus the reaction function ρ r jt increases in L) driven by prospects of reaping profits in the large foreign country. In this case, the second term in the reaction function dominates the third, and the country is likely to invest too little in basic research due to its neglect of the consumer surplus in the foreign country. On the other hand, a large country (with small L) has relatively small profit prospects in the small foreign market, but its basic research investments are mainly driven by protecting the profits from flowing to the small foreign country investing aggressively in basic research, and thus being highly innovative. In this case, the third term may dominate the second, prompting the country to over-invest in basic research relative to the social optimum. In summary, driven by the prospects of making large profits in foreign countries, very small countries invest heavily in basic research but from a global social-welfare perspective most likely still invest too little. The major motive for large countries to invest in basic research is to keep profits in the country. Therefore they may over-invest in basic research relative to the social optimum. From Equation 31 it can be directly inferred that, when both countries are of the same size, there will be under-investment in basic research. Consequently, for over-investment to occur, L must be sufficiently smaller than one, implying that only one country -the larger one -may over-invest in basic research. Hence there will never be a situation where both countries over-invest in basic research.
The optimality conditions (30) yield the optimal coordinated basic research investments
An analytical comparison of the cooperative solution with the equilibrium values of basic research in the decentralized setting given in Proposition 2 only yields interpretable conditions for the symmetric case.
Proposition 7
If L j = L k and θ j = θ k < The proof follows directly from a comparison of (32) and (22). The condition with respect to the levels of human capital θ in Proposition 7 is satisfied for reasonable parameter values. For further comparisons of the cooperative solution and the market equilibrium, numerical simulations are used. Our results are derived in the standard scenario, as specified previously (i.e., α = 0.5, γ = 2.1, θ k = 0.03), and it is shown in Section 13 that our results are very robust. Let us start by holding θ j = θ k = 0.03 fixed and examining the effect of relative population size. The simulation shows that if the population sizes are relatively equal, both countries will invest too little in the decentralized equilibrium relative to the coordination optimum. However, for very different population sizes, the smaller country, despite having a strong incentive due to large profit flows from the large country, will invest too little in basic research in the decentralized equilibrium, while the large country will invest too much. A similar result is obtained when considering countries with equally large population sizes but different research capacities θ: 16 under-investment by both countries if the human capital levels are not too different and over-investment by the country with substantially smaller levels of human capital in the case of pronounced asymmetry with respect to θ.
However, although there is over-investment by one country when population sizes or research capacities are very asymmetric, our simulations show that the total level of basic research in the cooperative solution is always higher than the one realized in the market solution. As a consequence, optimal coordination of basic research will always produce a higher growth rate.
Our results could be interpreted as follows: First, consider Switzerland and the European Union. They have symmetric levels of human capital but very different market sizes. As argued earlier, the incentive to gain foreign profit flows may lead to the high basic research investments by Switzerland. The results in this section suggest that from a cooperative perspective aiming to maximize aggregate consumption in both Switzerland and the EU, the already large Swiss basic research investments will still be too small, while those in the EU tend to be too high. A second interesting case is a comparison between the EU and the US. Here both market sizes and human capital levels are approximately equal. Accordingly, our welfare analysis suggests that both regions invest too little in basic research in the decentralized equilibrium.
As detailed in Section 12 in the appendix, the results remain qualitatively unchanged when the governments and the social planner have infinite planning horizons.
16 Specifically, θ k = 0.03 and θ j is varied from 0 to 0.4.
Conclusions
Basic research investments in open economies have been studied in a two-country framework, where each country faces the following trade-off: Via basic research investments, domestic output increases and, additionally, profits can be generated by domestic firms in the foreign country. On the other hand, basic research is costly and leading-edge technology could be imported by free-riding on the other country's basic research efforts. We examine (a) the decentralized game and (b) the cooperative solution where countries coordinate their basic research investments.
Our findings are that in the decentralized game, basic research investments are strategic substitutes. A country's basic research investments increase with its average level of human capital and decrease with the human capital of the foreign country. Moreover, all else being equal, a small country has higher incentives to invest in basic research than a large country, because the relation between profit inflows and profit outflows is greater. This may explain that even comparatively small countries such as Switzerland, Korea or Singapore invest a lot in basic research which may even exceed in some cases the share of investments in larger industrialized countries. Compared with the optimal basic research investments when countries coordinate, there may be cases where one country will invest too much in basic research in the decentralized setting if the countries' human capital levels or market sizes are very asymmetric. However, compared to the coordination optimum the total investments in basic research are always too low in the decentralized setting. This directly implies that the global rate of economic growth will be too low if governments pursue national basic research strategies.
The paper opens up several avenues for future research. First, a suitable extension would include costs/barriers to foreign direct investment. The existence of barriers is well-documented in the literature (see, e.g., Evans, 2003 , Daude and Fratzscher, 2008 , and Keller and Yeaple, 2013 . 17 These costs can be incorporated into our model in two ways. On the one hand, if there are costs to foreign direct investments across all sectors, country-specific benefits from basic research investments will tend to decline, as fewer rents can be captured in foreign markets and fewer rents need to be protected at home. The relative ranking of basic research investments in the decentralized case and in the coordination case remain unaffected. 18 Accordingly, policy coordination 17 Considering openness as a governmental choice, it would be interesting to further explore how openness and basic research investments interact.
18 Details are available upon request.
continues to be justified. On the other hand, only some sectors may face high barriers to foreign direct investments, so that these investments never occur. If foreign direct investment is only possible in some sectors, the country-specific consumption gains will again decline for a specific level of basic research, and the same conclusion as before can be drawn.
Second, the model can be extended with respect to its micro-economic foundations.
For example, explicitly modeling firms' decisions on applied research would enrich the model to capture interactions between basic and applied research. This is particularly interesting from the perspective of a global labor market with firms and governments competing for the best applied and basic researchers. Moreover, our model could be extended to explore the firms' location and off-shoring decisions and to examine how these decisions affect the governments' incentives to invest in basic research.
The model and the perspective of our paper can be broadened further by incorporating decisions on human capital investments, thereby endogenizing the human capital variable in the model. Such human capital investments can be left to individuals or supported by public funding and public institutions. The former case has been dealt with in subsection 11.1. In the latter case, public funds devoted to education may especially compete for resources invested in basic research.
19 Such an extension increases the opportunity costs of basic research investments and can lower basic research investments in the decentralized case and when basic research investments are coordinated. However, the qualitative results, and hence the conclusions in our paper, remain unchanged in simple extensions.
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Extending the model to a multi-country setting would be another important extension.
For this purpose, one can ideally draw on the work of Peretto (2003), who developed a multi-country Schumpeterian innovation model to study the impact of policies on growth and welfare. Such a framework would enable us to examine the interplay of intra-national and international technological spillovers when basic research investments are made. As basic research investments are strategic substitutes -this is a robust result in our model -, increasing gains from the coordination of basic research investments in a multi-country framework should be expected. How precisely a multi-19 Basic research may have an additional positive impact on human capital, which can be added in our model, and reinforces the results. 20 The simplest extension is a human capital production function with decreasing returns on investments in human capital -or at most, constant returns. A simple functional form is L j θ j = f (E j ), with E j denoting aggregate investments in human capital and L j θ j stands for aggregate human capital.
country setting affects the relative magnitude of coordination gains is an issue that must be left to future research.
Finally, other approaches to formulate perpetual growth could be combined with the basic research game of this paper. One especially promising framework in which to study basic research games is the growth model based on the continuing reduction of the importance of non-reproducible factors in production, as substantially developed by Seater (2005) and Zuleta (2008) regarding the social planner solution and Peretto and Seater (2013) for the balanced growth path and the complete transition path of the market equilibrium.
21
Overall it appears that the analysis of basic research games offers new insights into the potential and scope of policy-making to spur growth.
Appendix 10 Proofs
This section provides the main proofs of our results.
Proof of Lemma 1
y p n −γn can be written as
This expression can be transformed into
For α ∈ (0, 1), we obtain α
Lemmata 2 and 3 with proofs
Now let us state and prove two lemmata that are useful for the following proofs. It is useful to define the function
which is allowed to assume values in R. Note that on the interval [0, 1] the function (35) is identical to the reaction function given by (20) . As there will be no confusion, the function in (35) will also be referred to as country j's reaction function. The inverse
gives the value of ρ k such that country j's preferred basic research investment is 0, i.e. that ρ
Proof. To verify the lemma, it is useful to write
The condition on y p n at the beginning of the lemma ensures that the denominator of (36) is positive. Then the claim in Lemma 2 follows immediately. ✷
The next lemma examines the slopes of the countries' reaction functions. For this purpose, let us use
representing the reaction function of country k, which is symmetric to ρ
Proof. As the reaction functions are linear, it is sufficient to show that ρ 
Proof of Proposition 3
Let us first consider (ii). According to (20), 
Now consider item (i)
. Given the symmetry of the two countries' reaction functions, it can be observed that if θ j = θ k and L = 1, then ρ e j = ρ e k . The claim in (i) can be verified by using (ii) and the following line of reasoning: The associated investment in basic research at any pair (θ j ,θ k ) can be decomposed in two steps. First, let us start from the basic research levels associated with (θ j =θ k ,θ k ), which implies symmetric basic research investments. Second, basic research levels can be adjusted by increasing or decreasing θ j toθ j . ✷
Proof of Proposition 4
Let us start with (ii). As ρ ′ j < 0 and ρ ′ k < 0, an increase in the relative population size of country k affects the reaction functions in the following way: 
Proof of Corollary 1
Consider an increase in θ j . According to (20), this involves
while the reaction function of k, ρ k j (ρ k ), remains unchanged. As a consequence, the new equilibrium will still be on ρ k j (ρ k ) and would involve no change in the sum of basic research investments if
(lower) total basic research investment. Due to Assumption 1 and Lemma 2, it holds
Foundation for specification of basic research costs
Analytical convenience has prompted us to choose the particular functional form of the relation between the innovation success probability of domestic firms and the investments in basic research as displayed in Equation 6. More generally, our results require that the innovation probability be a strictly concave function of basic research investments. Our specification of the relation between the innovation success probability and basic research investments can also be interpreted as a reduced form of a more detailed model formulation where firms additionally invest in applied research to turn the abstract ideas created by basic research into blueprints for new intermediate products. At a general level, suppose that the probability of innovation success for an intermediate firm on variety i in country j is given by
is the investment in basic research by the government in country j in period t and R AR jt,i is the applied research of a firm innovating in sector i. Further parameters such as the average level of human capital, θ, or the technology frontier,Ā t−1 , are subsumed in the parameter χ t , and with respect to the elasticities, it is assumed that µ, ν ∈ (0, 1) and µ < 1 − ν. This specification exhibits complementarities between basic and applied research. When, given some basic research R BR jt , the firm under consideration chooses the optimal level of applied research, it will invest
This will be the case for all varieties i. 23 Consequently, the probability of successful innovation will be same for all varieties and can be written as
Under our assumption that µ < 1 − ν, the innovation success probability will be a strictly concave function of basic research, as is necessary for our results. 24 In particular, our specification in Equation 6 can be recovered by setting µ = 1 2
(1 − ν) and
, that is, by defining
Moreover, this more general definition of innovation success probabilities allows for different interpretations of the effects of human capital and the technological level on the innovation success of domestic firms. These are outlined in the next subsection.
Further micro-foundations
More precisely, there may be several reasons why the marginal productivity of basic research expenditures increases with the domestic average level of human capital.
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22 Details are available upon request. 23 We could also consider patent races between the incumbent intermediate firm and outside challengers. How many resources the firms will optimally spend on applied research will then depend on the particular specification of the probability of winning the patent given the applied research investments of the other firms. As long as net profits after deducting the applied research investments are positive, the forces in our model will remain at work. However, if all rents are dissipated in the patent races, i.e. the expected net profits are zero, the profit distribution across countries will of course have no effect on basic research investments.
24 Of course, strictly speaking this holds only for the range of basic research investments where ρ jt < 1. However, this is the case we are concerned with in our analysis, as formally delineated by Assumption 1. This reflects the assumption on the model's parameters such that endogenously chosen basic research investments will never be sufficient to achieve an innovation probability of 1.
25 More generally, it allows different interpretations with respect to the parameters captured in χ t .
Those interpretations become particularly relevant when human capital is endogenized, a matter that is addressed in the concluding section. First, it could be the case that most of the basic researchers are recruited domestically and with better education and experience the expenditures in basic research will have a larger impact on the success probability of domestic firms. Second, rather than the basic researchers, who may be highly mobile and recruited internationally, it could be the applied researchers in the R&D labs of private firms who are mostly recruited locally and can better absorb the knowledge created by basic research when their human capital is higher.
This in turn would imply that basic research expenditures are more productive when domestic human capital is higher. A third interpretation could be that high-tech entrepreneurs invest in applied research to commercialize ideas created by basic research.
If the average human capital of these domestic entrepreneurs is higher, they may have higher business success (rather than higher absorptive capacity). Again, this would increase the marginal productivity of basic research. These interpretations illustrate that, when basic research and applied research are complements, all factors making applied research more productive will also increase the marginal productivity of basic research.
Our model framework takes the average level of human capital as exogenous. However, education is at least to a certain degree also a choice of the households. As our framework focuses on basic research investments of governments in open economies, the only benefit of human capital is to increase the probability of innovation success.
Consequently, human capital could be endogenized in a similar way as applied research expenditures. Given basic research investments by the government, potential entrepreneurs choose how much to spend on education to increase their innovation success probability. We would then again arrive at an equivalent functional form of the relation between innovation success probability and basic research investment as in our basic model, where the parameter θ would now be substituted by the exogenous parameters reflecting the education technology of how resources spent on education are translated into human capital.
Our specification of the relation between innovation success probabilities and basic research investments also allows for a simple way of incorporating direct knowledge spillovers from domestic basic research investments to foreign firms by replacing R j by
is a parameter reflecting the strength of basic research spillovers. The implications of such an extension of the model are discussed in the appendix in Section 13.1.
Intertemporal basic research investments
Until now, the governments have aimed at maximizing the current period's consumption but do not consider future periods. There are good arguments for this assumption.
Governments are usually appointed for a restricted period of time and focus on that period in their decisions. Also, in supranational institutions such as the European Commission, it is rare for the decision process to look any further than 20 years into the future (which is our interpretation of the model's period length). Nevertheless, this section explores whether our results change substantially when the decision-makers consider longer time horizons. Accordingly, the intertemporal optimization problems of the governments in the decentralized setting and the one with coordination of basic research investments to maximize aggregate consumption are depicted. In this section, it is assumed that households enjoy linear utility from consumption, i.e. u(c) = c.
Unfortunately, the optimization problems cannot be solved analytically. Using the same parameter values as before, our simulations suggest (a) that the decentralized equilibrium and the cooperative solution are unique, and (b) that the qualitative results remain unchanged. Of course, in quantitative terms, the intertemporal solutions exhibit generally higher levels of basic research investment.
First, the non-cooperative game is examined. Here the governments choose paths for basic research investment rather than investments in a single period only. The government's problem is given by
subject to the evolution of the stock of technological knowledgē
It is assumed that the discount factor β is sufficiently small for the objective to converge to a finite value. Standard dynamic programming arguments yield the first-order
which will be constant in the steady state. Focusing on the steady state, the first-order condition of country j reads
As mentioned, it is not possible to solve this problem analytically. 26 Instead, the coordinated investment problem is introduced first and then, the obtained simulation results are discussed.
Cooperative basic research investments maximize discounted aggregate consumption of both countries:
subject to (15) and (43). Using standard dynamic programming methods, the firstorder conditions are given bȳ
whereĉ t+1 = C t+1 /Ā t . Note that the two first-order conditions imply
which can be interpreted as a condition on the cost efficiency of aggregate research expenditures. Again the focus is on the steady state of the economy. The necessary conditions for a maximum can then be rewritten as
Two parts can be identified in the optimality conditions for the cooperative solution.
The first two summands in (51) reflect static optimality if the influence of a higher knowledge stock on future outcomes is neglected. The latter is represented by the last summand.
Before discussing the numerical simulation results, it is noted that there is the (implicit) assumption that at time t = 0 both, the governments in the decentralized game and the social planner in the coordinated problem can fully commit to the entire path of basic research investments. However, since all first-order conditions are independent of the technological level, there will be no incentive to re-optimize by a later government based on the evolution of the technology stock, which is the only stock variable in the model. Moreover, time-inconsistency problems are precluded by assuming standard exponential discounting. Consequently, the first-order conditions would remain the same when considering the non-commitment case where governments or a social planner with infinite planning horizons were able to re-optimize in each period.
Let us now turn to numerical simulations using the parameter values of our standard specification. Figures 4 and 5 give the decentralized steady-state equilibrium values of ρ j and ρ k (blue) compared to the cooperative solution (red) depending on relative population sizes and the level of human capital in country j given that θ k = 0.03. Growth rates in the decentralized solution (blue) and the coordination optimum (red, dashed) depending on relative population sizes L (left) and levels of human capital θ j (right), given the level of human capital in country k, θ k = 0.003.
Robustness
The robustness of our results will be discussed with respect to the inclusion of direct knowledge spillovers from basic research, to expanding the range of parameter values in the simulations, to different objectives of coordination, and to other formulations of the costs of basic research.
Direct knowledge spillovers from basic research
In our basic framework, basic research investments in one country do not directly affect the innovation probability of firms in the foreign country. Here, our definition of the innovation probabilities of firms is extended to capture such knowledge spillovers from basic research. In particular, let us define
where b ∈ [0, 1] reflects the strength of direct knowledge spillovers from basic research.
With this definition it is possible to write the government's objective similar to Equation 15
where gross consumption without research costs is referred to by C g jt . Again, neglecting time indices for the static problem, the government's first order condition now becomes
The first two summands represent the first-order condition without direct knowledge spillovers, while the last summand reflects the effect of a marginal increase in basic research investment on consumption in country j via direct knowledge spillovers to country k. As it is assumed that knowledge spillovers increase the innovation success of firms in the foreign country,
> 0, it depends on the sign of the term
whether the knowledge spillovers will increase or decrease basic research investments relative to the situation without knowledge spillovers. The effect of an increase in the innovation probability of foreign firms on domestic consumption can be written as follows:
The first term reflects the increase in domestic output per capita via knowledge spillovers from domestic basic research investments. As due to knowledge spillovers foreign firms will innovate with higher probability, there will be a higher chance that an innovation will occur in a sector where no domestic firm has succeeded in innovating. However, this increase in the expected net output of final-good production comes at the cost of forgoing the profits in the respective sector. This cost is captured by the last summand in (56). Moreover, with more innovative firms in the foreign country, it will be harder for domestic firms to reap profits in the foreign country. These two cost components are captured by the second summand. Rewriting Equation 56 as
the terms can be summarized to identify two effects: knowledge spillovers from basic research investments increase domestic consumer surplus but reduce the profit flows from abroad. The first effect will increase basic research investments, while the second will reduce them. It can be observed directly that for very small countries, where L is very large, knowledge spillovers have a negative effect on basic research investments, while in large countries, where L is small, the opposite is the case.
Let us now compare the decentralized solution with that of a social planner maximizing aggregate welfare
This involves the following first-order conditions for a maximum:
The first term corresponds to the first-order condition in the problem without direct knowledge spillovers from basic research. The effects of knowledge spillovers on socially optimal basic research investments are captured by the second term, in particular by ∂Ct ∂ρ k
. Dividing the first-order condition by L j yields
Now, it is interesting to compare this part of the first-order condition of the socially optimal solution representing the effects of knowledge spillovers from basic research with the corresponding part in the first-order conditions of the decentrally acting governments. It can be observed that the social planner accounts for the expected global output increase due to the higher innovativeness of firms in country k as a consequence of marginally higher basic research investment in country j. However, country j takes only the increase in its consumer surplus into account. Consequently, in the decentralized solution the inclusion of knowledge spillovers leads to more pronounced underinvestment in basic research relative to the social optimum. This under-investment by decentrally acting governments is further reinforced by the additional motive of not reducing the inflowing profits from the foreign country by making the latter's firms more competitive via direct knowledge spillovers.
In summary, direct knowledge spillovers from basic research investments in one country increasing the innovativeness of firms in the foreign country may increase or decrease decentrally chosen basic research investments. This depends on the relation between the increases in consumer surplus in the domestic country and the reduction in profit inflows from the foreign country. However, relative to the global socially optimal solution, the inclusion of knowledge spillovers constitutes an additional source of under-investment in basic research.
Larger range of parameter values
Section 8 derived our results on the relation between the decentralized equilibrium and the social planner solution by varying either the relative population size while keeping 27 The social planner's objective is strictly concave in R j and R k .
both countries' human capital levels fixed at θ j = θ k = 0.03 or by varying country j's level of human capital while assuming symmetric population sizes. Our simulation results show that the results derived in Section 8 possess broad validity with respect to different combinations of θ j , θ k and L. Moreover, the same qualitative results are obtained for a wide range of other parameter values for α, γ, and θ k .
Coordination objective
As already discussed, the coordination of basic research investments aiming to maximize the sum of aggregate consumption in both countries involves higher levels of basic research in the smaller country because in absolute terms the costs of basic research are lower there. This incentive will not be present if coordination is concerned with maximizing net per capita consumption:
The necessary conditions for an optimum are
Note that there is no weighting factor reflecting relative population sizes. Instead, the contribution of basic research to each country's per capita output levels obtains the same weight in the cooperative solution. When comparing (62) with the optimality conditions of the cooperative solution in Section 8, it can be observed that they coincide for equal population sizes. The following figures illustrate how the decentralized equilibrium differs from the coordination optimum maximizing net per capita consumption for different relative population sizes in the standard scenario. Figure 8 indicates that when cooperation maximizes net per capita consumption, the decentralized equilibrium implies too little basic research investment in large countries and too much in small ones. The contrary was the case in the coordination optimum maximizing aggregate consumption. The conclusions that both objectives share is that there is under-investment in basic research if the countries are symmetric with respect to population size and human capital levels. However, for very asymmetric population sizes, the decentralized equilibrium involves total basic research investments and growth rates that are too high relative to the net per-capita consumption coordination optimum. 
Different research costs
Let us now assume that the costs of basic research decline with absolute levels of human capital rather than with per capita human capital levels. Then the research costs can be written as R j = ρ 2 jt /(2θ j ). Consequently, the governments' objectives in the non-cooperative setting can be written as
The reaction functions are
We observe that the only difference with respect to the reaction functions in Section 6 is that the optimal level of a country's basic research investments increases with its population size. Now there are two conflicting motives for basic research investment with respect to relative population size (and given total population). On the one hand, a relatively larger foreign market increases incentives for basic research due to higher net profit flows. On the other hand, a smaller home market reduces the incentives for basic research.
Coordinating basic research to maximize current aggregate consumptionĈ j +Ĉ k yields the following necessary conditions for an optimum:
Hence, the optimal levels of the coordinated basic research investments do not depend on relative population sizes but only on the two countries' total population. The necessary conditions are (up to a constant) equivalent to those derived for the cooperative optimum in the previous Section 13.3.
